Forty-three soils (130 horizons), sampled by the geo-pedological mission organized by the State University of Gent (Belgium) in 1962 on Isla Santa Cruz (Galápagos Islands), were analysed in order to determine their degree of chemical evolution. Several weathering indices (Weathering Index of Parker -WIP -, Chemical Index of Alteration -CIA -, Chemical Index of Weathering -CIW -, Plagioclase Index of Alteration -PIA -and Silica-Titania Index -STI -) and multivariate statistical analysis (principal components analysis), based on chemical composition, were used. With the only exception of the STI, the indices were highly correlated (r N 0.85). The highest WIP and STI values (20.9 ± 8.2 and 70.2 ± 2.2 respectively) were found for soils developed on basalt flows near the coast. Slightly lower values (WIP 16.8 + 5.1 and STI 61 ± 3.4) were shown by brown soils developed from basaltic flows at elevations between 140 and 225 m a.s.l. While the lowest values (WIP 9 ± 5 and STI 47 ± 6.8), representing the more weathered materials, were found for soils located at the highest elevations (N 400 m a.s.l.) and mostly developed on pyroclastic materials (tuff and tephra). As the chemical composition of the geological material (basalt and tephra) is highly homogeneous, the degree of weathering is likely to depend on climatic conditions controlled by altitude and orientation. On the windward slopes of the island a gradient of increasing weathering is observed from the arid conditions predominant at the coast to elevations of 400-500 m a.s.l., where much more humid conditions prevail. Principal component analysis on elemental composition also supported the interpretation that the degree of weathering (first component) and soil horizonation (second component) are both related to climatic conditions. Both, the variation of the chemical indices and the principal components of the geochemical composition are related to the bioclimatic zones: soils with the lowest degree of weathering are located in the arid coastal zone; slightly higher intensity was found for soils located in the transition and Scalesia zones; while the most weathered soils appear in the brown zone. Compared to other volcanic soils studied in the literature, soils from Isla Santa Cruz are in the upper range of chemical weathering intensity, only comparable to soils from Azores Islands and Canary Islands (Tenerife and La Gomera) developed on basalts, under oceanic conditions.
Introduction
By virtue of the importance of the Galápagos Islands to world science following the work of Charles Darwin, it is unsurprising that their fauna, flora and geology have been well studied. Soils, however, had been ignored (Sabau, 2008 ) until a geo-pedological mission was organized in 1962 by the State University of Gent (Belgium) , that made a systematic soil survey of the, at that time, accessible part of Isla Santa Cruz. An evaluation of the existing knowledge on Galápagos soils and an interpretation from a micromorphological point of view were recently published by Stoops (2013 Stoops ( , 2014 , while Eswaran et al. (1973) studied the mineralogy and Adelinet et al. (2008) the hydrodynamic properties of a few soils. However, information on the chemical composition (Rodríguez Flores et al., 2006) and on the weathering processes in particular is very scarce. Weathering of soils results from a complex set of interactions between the lithosphere, atmosphere, hydrosphere and biosphere (Quantin, 1974; Birkeland, 1992; Chesworth, 1992; Macías and Chesworth, 1992; Shoji et al., 1993) .
Weathering processes modify the mineralogy, petrography (microfabric) and geochemistry of rock materials (Birkeland, 1974; Chesworth et al., 1981; Nahon, 1991; Chesworth, 1992) . Recognition, identification and evaluation of weathering-induced changes are essential for evaluating soil fertility and development, demonstrating the impact of climate on bedrock weathering, and/or simply providing a better understanding of elemental mobility during weathering (Price and Velbel, 2003) . Chemical weathering indices are the most commonly used for characterising weathering profiles by incorporating bulk major element chemistry into a single metric for each sample (Parker, 1970; Kronberg and Nesbitt, 1981; Nesbitt and Young, 1984; Harnois, 1988; Fedo et al., 1995; Jayawardena and Izawa, 1994; Ohta and Arai, 2007) .
The objective of this work was to study the chemical weathering of volcanic soils in Isla Santa Cruz, using the soils collected by the Belgian scientists (J. Laruelle, P. De Paepe and G. Stoops) mission. The aim is to help increase the knowledge on the formation and evolution of the soils on the Galápagos Islands.
Materials and methods

The physical environment: geology and climate
Galápagos is an archipelago of oceanic islands formed by the interaction between the Galápagos hotspot and the Cocos-Nazca ridge. Isla Santa Cruz belongs to middle aged islands and consists of a core of marine sediments, the Platform Series, covered by basaltic lava flows, known as the Shield Series. In the more elevated parts of the island, many ash cones are present. The age of the Shield Series ranges between 590 ± 27 ka and 24 ± 11 ka (White et al., 1993; Geist et al., 2011) . These volcanic islands have not been active in historical time (White et al., 1993; Adelinet et al., 2008; Sallarés et al., 2009) . The petrology and geochemistry of the rocks have been studied by White et al. (1993 ) and De Paepe (1968a , 1968b , who concluded that the volcanic materials are alkaline and tholeiitic basalts. White et al. (1993) analysed the chemical composition of major elements in twenty samples of the Shield Series of the island. De Paepe (1968a Paepe ( , 1968b ) also studied the petrography of the lava of Isla Santa Cruz. In general, the lava has a porphyric fabric with phenocrysts of plagioclase (albite) and olivine (Mg-rich, colourless to faint green, and seldom zonated). In many cases olivine crystals show quasi-coatings of iddingsite as the result of deuteric alteration (Chesworth et al., 2004) . Clinopyroxenes (Ti-augite) may compose 25% of the rock. Opaque minerals are restricted to the groundmass, mostly isometric magnetite and titanomagnetite, and skeletal ilmenite (De Paepe, 1968a , 1968b . Stoops (2013) described the coarse material (N5 μm) of Isla Santa Cruz soils and found fragments of holocrystalline or mesocrystalline basalt. The holocrystalline alkali basalt corresponds to the massive, deeper part of the lava streams, whereas the often vesicular mesocrystalline types correspond to the surface of the lava streams and cinders. Holocrystalline basalt is the main type of rock fragments found in the coastal area and the lower slopes, whereas mesocrystalline basalt occurs on the middle and upper slopes, often mixed with holocrystalline basalt. This could indicate that in the lower zones basalt streams predominate, and that their pahoehoe surface is totally removed by weathering and erosion.
The increasing mineral weathering sequence in the basalt observed by Stoops (2013) is: feldspar-augite-olivine. The fact that the sequence does not follow the series of Goldich may be caused by the relative large size, the absence of cleavages (Welch and Banfield, 2002) and iddingsite coatings of the olivine crystals. If well protected by iddingsite that could explain why olivine breaks down less readily that conventionally more stable minerals. Iddingsite seems to remain stable.
The climate of Galápagos Islands is unusually dry and cold for their equatorial position. This is due to the prevailing south-east trade winds and cold oceanic currents that converge in the archipelago (Adelinet et al., 2008) . There are two main seasons on the islands with major differences in temperature and rainfall. From January to June the climate is warm with occasional heavy rain showers. From June to December the air is cooler and an inversion layer is formed. It brings a moisture-laden mist to the highlands whereas the lowland areas remain dry. Average annual rainfall ranges from 500 mm on the coast to 1500-2000 mm in the highlands (above 500 m a.s.l.) on the southern windward side. The northern leeward side of the island only receives rainfall during heavy storms in the hot season (Pryet et al., 2012) . Rainfall can quadruple during El Nino years (Trueman and d'Ozouville, 2010; Pryet et al., 2012) .
Isla Santa Cruz is characterised by a broad low elevation coastal apron surrounding a main central shield, which culminates at Cerro Crocker 855 m a.s.l. Two long-term weather stations are operated since 1965. The first is located in Puerto Ayora (5 m a.s.l.) and the second in Bellavista (180 m a.s.l.). Recorded median annual rainfall totals are 277 mm and 800 mm, respectively. The coastal station (Puerto Ayora) receives the major part of annual precipitation during the convective rains of the hot winter season. This is the opposite at the second station, where most of the rainfall is recorded during the cool rainy season (Trueman and d'Ozouville, 2010) . Due to the orographic effect, contrasts are more acute during the rainy season, when a fog layer is observed along the windward slope from 300 to 400 m a.s.l. up to the summit (Trueman and d'Ozouville, 2010; Pryet et al., 2012) . The summit area remains clear of clouds occasionally, but the upper limit of the fog layer (the inversion layer) is most often above the top of the island (Pryet et al., 2012) . Adelinet et al. (2008) showed that the physical properties of the soils of Isla Santa Cruz were in good agreement with the variation in rainfall according to the elevation, which appears as the main factor controlling the soil development.
Soil sampling
Forty-three soils sampled by the Belgian geo-pedological mission of 1962 from the coast and along the windward slopes of Isla Santa Cruz (Galápagos Islands) (Fig. 1 , Table SI1 ) were used for the study:
-Six in the coastal area near Puerto Ayora (PAy) (GP67, 59, 68, 17, 65 and 61), an arid zone with xerophytic vegetation. Soils GP67, 59 and 68 are shallow (b 15 cm) red "lithosols" and GP17, 65 and 61 deeper (b80 cm), interstitial (between basalt lava) clayey red soils (Table SI1 ). -Nine in the surroundings of Bella Vista (BV) (GP4, 6, 1, 2, 8, 16, 55, 18 and 54); they are brown soils developed from basaltic lava with AC profiles and situated between 140-240 m a.s.l. (Table SI1 ). In the upper part of the profile the influence of pyroclastic materials increases with altitude (Stoops, 2013 (Stoops, , 2014 ). -Six along a catena to Crocker Mountain (CrM) to the north of BV (GP56, 57, 50, 49, 48 and 47) ; they are soils develop on basaltic lava and tephra deposits. Most of them are "brown forest soils" with A(B)C type profile (Table SI1 ). -Six along a catena to the Camote volcano (CMt) NE of BV (GP14, 13, 12, 11, 10 and 9); they are "brown forest soils" and "regosols" developed from pyroclastic material (basaltic tephras) (Table SI1 ). -Four soils in the vicinity of El Occidente (OC) (GP29, 31, 34 and 32); they are mostly developed from basaltic lava with A(B)C profiles (Table SI1 ). -Seven along a catena to Santa Rosa (SR), NW of Bella Vista (GP37, 39, 40, 46, 45, 41 and 44) ; these soils have AC profiles, include "regosols" and "brown soils" and are developed from pyroclastic materials or a mixture of pyroclastic materials and fragmented basalt (Table SI1 ). -Five in the Table and Rambeck Mountain (TRM) in the NE of the island (GP19, 21, 22 and 24). TRM soils include a group of profiles, developed on basalt and located at 370 m a.s.l. in a flat depression with gilgai-like microtopography (Table SI1 ).
Most PAy, BV and OC soils are developed on basalts; CrM soils develop on basaltic tephras and slope deposits; and CMt soils on basaltic tephras. The sampling was also representative of the pedoclimatic zones of Laruelle (1964 Laruelle ( , 1967 and four of the bioclimatic belts of the area: the arid coastal zone, the transition zone (situated between the arid coastal area and the more humid higher areas) (TZ, 100-240 m a.s.l.); the Scalesia zone (SZ, 240-400 m a.s.l.); and the brown zone (BZ, 400-500 m a.s.l.) (Table SI1) .
Soil samples were stored in darkness in a cool, dry place at Ghent University under the supervision of Professor Georges Stoops. More information about some of these soils can be found in Eswaran et al. (1973) , Rodríguez Flores et al. (2006) and Stoops (2013 Stoops ( , 2014 .
Analytical methods
Major and minor element composition (Si, Al, Fe, Mg, Mn, Ca, Na, K, Ti, P, Ba, Co, Cr, Cu, Ga, Ni, Pb, Rb, S, Sr, V, Y, Zn and Zr) was determined by X-ray fluorescence (XRF) in the fine-earth fraction (b 2 mm), at the CACTI laboratory of the University of Vigo (Table SI2) .
Weathering indices
Major elements data were used to calculate weathering chemical indices, which convert bulk major element contents into a single value for each sample. The chemical weathering indices calculated and used in this study are those evaluated by Price and Velbel (2003) (Table 1) . The Weathering Index of Parker (WIP) is based on the content of alkali and alkaline earth metals (Na, K, Ca, and Mg), which are the most mobile of the major elements. The Chemical Index of Alteration (CIA), the Chemical Index of Weathering (CIW) and the Plagioclase Index of Alteration (PIA) are based on the ratio of a group of mobile elements to immobile ones (these indices assume that Al is immobile) and they are interpreted as a measure of the extent of conversion of feldspars to clay. The Silica-Titania Index (STI) is based on the ratio of a group of the immobile elements. Weathering indices presented for the fresh rock are based on the analyses of fresh rock samples of the Shield Series of Isla Santa Cruz by White et al. (1993) .
Because weathering of volcanic rocks causes removal of basic cations and Si and relative accumulation of Al and Fe (Chesworth, 1973; Chesworth et al., 1981; Macías and Chesworth, 1992; Shoji et al., 1993; Taboada et al., 2007; Babechuk et al., 2014) , the evolution towards the residua system was also applied, using the SiO 2 -Al 2 O 3 -Fe 2 O 3 diagram, to illustrate the behaviour of the residual elements.
Statistical analysis
Principal components analysis (PCA) was performed on the geochemical data (major and minor elements) to extract the main chemical signatures of the soil elemental composition and investigate into the factors controlling them. Since compositional data are a case of closed data (Aitchison et al., 2002; Baxter et al., 2008) , a centred log ratio (CLR) transformation was applied prior to the statistical analysis (Aitchison, 2003; Baxter and Freestone, 2006) . A varimax rotation was chosen for the final PCA model. This type of rotation maximizes the loadings of the variables on the components.
Results
Chemical weathering index
Depth changes in the weathering indices (WIP, CIA, CIW, PIA and STI) are not gradual and systematic (Fig. 2, Table SI2 ). WIP, CIA CIW and PIA are positively correlated, but no correlation was found with STI. The highest correlation was found for CIA, CIW, and PIA (r N 0.99), while WIP presents correlation coefficients greater than 0.85 with CIA, CIW and PIA.
The WIP index for the fresh basalt of Santa Cruz is 83.78. The highest values (20.9 ± 8.2) were found for PAy soils developed on basalt near the coast ("first soil zone") and amongst them the highest values (31.7 ± 4.5) correspond to soils GP59 and GP67, which are shallow red soils (red "lithosols", Table SI1 ). The lowest values were found for soils GP61 and GP65 (13.6 ± 2) which are "weathering soils" (Fig. 2 , Tables SI1 and SI2 ). Slightly lower values were shown by BV and OC soils (WIP 16.3 ± 5.1), which are brown soils developed from basaltic materials at elevations between 140 and 240 m a.s.l. (most of them correspond to "second soil zone") ( Fig. 2 , Tables SI1 and SI2) .
The lowest values, representing the more weathered materials, were found in the CMt (WIP 13.2 ± 4.3), SR (WIP 9.9 ± 3.4) and CrM soils (WIP 8.2 ± 6.3), which are found at higher elevations (230 to 500 m a.sl.) and mostly develop on pyroclastic materials (tephra), although some of them appear mixed with basaltic colluvium (as in SR and CrM). In these three catenas (CMt, SR and CrM), soils at the highest elevations (400-500 m a.s.l.) have lower WIP values (CMt: 11.5 ± 3.8, SR: 8.9 ± 3.6 and CrM: 4.5 ± 2.6 -the C horizon of soil GP50 excluded), and thus a higher degree of weathering, than those located at altitudes between 325-400 m a.s.l. (CMt: 16.2 ± 5.9, SR: 10.7 ± 3.2 and CrM: 12.1 ± 4.4). TRM soils have the lowest WIP values (8.2 ± 2.7) (Fig. 2 , Tables SI1 and SI2) .
CIA, CIW and PIA values, unlike WIP values, increase as weathering progresses. Since they are highly correlated amongst them in what follows we only describe the values of the CIA. This index shows values ranging from 61.2 to 99.6 compared to 40.47 for the fresh basalt (Table SI2) . Some samples (as in CrM soils) show values close to the theoretical weathering maximum (100) of the geological materials, not taking into account the Si leaching. Overall, trends are similar to those shown by WIP, although CIA shows more homogeneous values for the soils of the different zones.
The lowest CIA values correspond to OC (GP31 and 32, with an average of 74.4 ± 6.8) and PAy soils (81.9 ± 8.1). Slightly higher values were found for CMt (86.5 ± 7.9), BV (87.1 ± 5.3) and the remaining OC soils (87 ± 5). Within this group, CMt soils developed at higher elevation (420 a 440 m) are the ones with larger CIA values (88.4 ± 6.5) ( Table SI2) .
The highest CIA values were found for SR (91 ± 5.6), CrM (92.4 ± 6.7) and TRM (92.3 ± 4.3) soils indicative, in all cases, of an intense degree of weathering. CrM soils located above 400 m of elevation showed values close to 100 (95.8 ± 4.3). Some C horizons of SR and TRM soils showed large values as well (Table SI2) .
The weathering indices applied are based on the mobility of cations (WIP) and that of these regarding aluminium -which is considered as immobile (CIA, CIW and PIA). The STI, on the other hand, is based on the ratio between a group of less mobile elements (Si, Ti and Al) ( Table 1) .
The STI value of the fresh basalt is 74.49. The highest values were found for PAy soils (70.2 ± 2.2). Slightly lower values were shown by BV, OC and TRM soils (61.7 ± 3.4). In BV soils (with the exception of GP16) those located at higher elevation (210-240 m a.s.l.) show STI values (58.2 ± 3.5) lower than those located at lower altitude (140 to 190 m a.sl; 62.6 ± 2.5) (Fig. 2 , Table SI2 ). The lowest STI values, representing the more weathered materials, were found in the CMt (52.6 ± 1.4), SR (50.8 ± 6.3) and CrM (46.5 ± 8.4) soils. In soils from these areas, the STI values are lower on those located at higher elevation (Fig. 2 , Table SI2 ):
-CMt soils: average STI 55.9 ± 3.2 for soils located between 230-370 m and 48.9 ± 2.3 for those located above 420 m a.s.l. -SR soils: average 52.9 ± 4.5 in soils located between 270-300 m and 47.8 ± 7 in those located above 400 m a.s.l. -CrM soils: 52.2 ± 4.6 at altitudes between 325-425 m and 43 ± 8.7 in soils located above 400 m a.s.l.
The STI values are correlated to altitude (Fig. 3) , with the exception of the TRM soils.
SiO 2 -Al
The behaviour of the major elements is illustrated with SiO 2 -Al 2 O 3 -Fe 2 O 3 diagram (Fig. 4) . It shows that amongst the major chemical components only Fe and Al are truly residual (maintaining an almost constant Fe/Al ratio). Soils from CMt, SR and CrM are richer in Al and poorer in Si (silica leaching is more intense) than the other soils analysed. Some samples of the CrM soils (GP48, 49 and 50) also have a higher Fe content. 
Geochemical composition: PCA results
To summarize the geochemical composition and investigate into the underlying factors, as already indicated in the Methods section, we have applied principal components analysis to the CLR transformed data. Five principal components explained almost 78% of the total variance ( Table 2 ). The first component (Cp1, 29.2% of the variance) shows large positive loadings of Fe, Ti, V, Ga, Cr, Zr and Al and large negative loadings of Ca and Sr (Table 2 ). The second component (Cp2, 20.2% of the variance; Table 2 ) is characterised by positive loadings for Si, Mg, Ni and Na and negative for P, S and C. The score values show a trend of decreasing values to the superficial horizons of the soils (Fig. 5) . The third component (Cp3, 12.3% of variance; Table 2 ) shows large positive loadings for Cu, Zn and Y. While components fourth and fifth (Cp4-Cp5) are represented by two elements each: K, Rb for Cp4 and Mn and Co for Cp5, and account 8.5% and 7.5% of the total variance respectively ( Table 2) 
Discussion
The composition of the geological materials of the island is quite homogeneous, although variations in texture have been noted (De Paepe, 1968a , 1968b White et al., 1993) . The main differences in the degree of weathering are related to climatic conditions and the (topographic) geomorphological position of soils in the landscape. The climate of Isla Santa Cruz is controlled by topography, since there is a gradient from the arid conditions predominant at the coast to elevations of 400-500 m a.s.l. where much more humid conditions prevail. Precipitation maximum occurs in the windward slopes at altitudes between 400 and 800 m a.s.l. (Pryet et al., 2012) . Also, in steep areas, active erosion redistributes material (fresh or weathered) through the slope.
Weathering
In most soils of Isla Santa Cruz changes in the values of the chemical weathering indices (WIP, CIA, CIW, PIA and STI) with depth are not gradual and systematic (Fig. 2) . This may indicate the presence of additions of recent materials, due to volcanic activity and/or colluviation. These continuous rejuvenation processes are common in soils of volcanic areas (Craig and Loughnan, 1964; Tejedor Salguero et al., 1985; Malpas et al., 2001; Duzgoren-Aydin and Aydin, 2003; Meijer and Buurman, 2003; Soubrand-Colin et al., 2007; Taboada et al., 2007; Rasmussen et al., 2010) . The differences in the behaviour of the chemical indices in soils of TRM will be discussed at the end of this section.
The chemical weathering indices indicate that the less weathered soils are those of the coastal area (PAy), an arid zone with xerophytic vegetation (Fig. 2) . These soils are developed from holocrystalline basalt (fresh and weakly weathered) and colluvial material from erosion slopes of the transition zone (up to about 180-240 m.s.l) (De Paepe, 1968b; Stoops, 2013 Stoops, , 2014 . The differences in weathering in this area are likely related to the presence and abundance of colluvial material. The lower degree of weathering of soils GP67 and GP59 (shallow red soils) may depend on the abundance of unweathered coarse fraction rich in fresh minerals (plagioclase, augite, and olivine) (Stoops, 2013) . While soils GP61 and GP65 showed indices values similar to those of BV soils (Fig. 2) (developed on the lower slopes to the north of PAy, Fig. 1) , indicating a greater abundance of more weathered colluvial material. Eswaran et al. (1973) identified halloysite and montmorillonite in the clay fraction of two soils of the arid zone.
Soil GP65 is a particular case, the low CIA value in the epipedon probably due to the presence of calcitic nodules and coatings similar to those described by Stoops (2013) , although their origin is not explained. Soils from Bella Vista and El Occidente show a slightly higher degree of weathering (Fig. 2) . They are brown soils developed from basalt at elevations between 140 and 225 m a.s.l. (Table SI1 ). For these soils Stoops (2013) indicates that the coarse material consists of holocrystalline basalt with a degree of weathering 0-3 (feldspars and augite part or totality weathered, olivine preserved) and Eswaran et al. (1973) identified feldspars, halloysite and montmorillonite in the clay fraction of a soil located near to BV. Amongst them, the STI values clearly show increasing weathering with altitude.
The more weathered materials were found in the CMt, SR and CrM soils (Fig. 2) , which are found at higher elevations and mostly develop on pyroclastic materials (tephra), although some of them appear mixed with basaltic colluvium (as in SR and CrM) (Table SI1 ). In these three areas, soils at the highest elevations (400-500 m a.s.l.) have higher degree of weathering than those located at altitudes between 325-400 m a.s.l. (Fig. 2) . The SiO 2 -Al 2 O 3 -Fe 2 O 3 diagram (Fig. 4) also shows Si depletion and Al enrichment with increasing altitude. Eswaran et al. (1973) showed the presence of gibbsite in two soils located N 400 m a.s.l (near SR and near CMt).
In the soils of Isla Santa Cruz studied (except TRM soils) the differences in the degree of weathering are related to altitude (Figs. 2, 3 and 4) through the control exerted by local climatic conditions. This is particularly the case for precipitation, which is maximum in the windward slopes at altitudes between 400 and 800 m a.s.l. (Pryet et al., 2012) . The small differences within each of these groups may be related to the stability of landscape position, pyroclastic material abundance, age and soil use.
The role of climate (specially rainfall and amount of available water) in determining mineral weathering in volcanic soils was shown in other geographical areas, e.g., by Chadwick et al. (2003) along a soil climosequence on Koala Mountain (Hawaii), Meijer and Buurman (2003) in a soil catena of Turrialba volcano (Costa Rica), Rasmussen et al. (2010) across an environmental gradient in Cascade Range (California) and Óskarsson et al. (2012) in volcanic soils of Iceland. Furthermore, the degree of weathering is related to the bioclimatic zones described by Stoops (2013 Stoops ( , 2014 : soils with the lowest degree of weathering, PAy, are located in the arid coastal zone; in the transition zone (TZ), BV and OC soils located at 140-240 m a.s.l. show slightly higher values; some soils from CMt, SR and CrM develop in the Scalesia zone (SZ) at altitudes between 240-400 m a.s.l.; while the soils from CMt, SR and CrM with the largest degree of weathering appear in the brown zone (BZ), at elevations above 400 m a.s.l. (Table SI1) .
For the TRM soils, the indices which account for cation mobility (WIP, CIA, CIW) suggest that they present a much higher degree of weathering when compared to that indicated by the STI, which only considers the behaviour of the less mobile elements (Al, Ti and Si; Fig. 2 ). This may be related to less intense drainage because these soils are developed in a small depressions, leading to a higher depletion of base cations than of Si (also reflected in the SiO 2 -Al 2 O 3 -Fe 2 O 3 diagram, Fig. 4) , and to the large abundance of phytoliths found in them (Stoops, 2013) . XRD of the clay fraction points to the presence of halloysite and smectite (Eswaran et al., 1973) .
Major and minor elements -statistical analyses
The concentrations of the major and minor elements may change significantly during weathering and soil formation. Cp1 showed large positive loadings for typical immobile elements (as Ti, Zr and Fe) and large negative ones for mobile elements (as Ca and Sr; in agreement with the larger degree of weathering of the feldspars indicated by Stoops (2013) ). As already mentioned, Cp1 scores are highly correlated with the chemical indices based on the leaching of mobile elements (WIP, CIA, CIW and PIA).
Cp2 is related to the organic matter content in the soil horizons (also related with climatic conditions, especially with the moisture of soils), the content increasing to the surface of the soils -as expected ( Fig. 5 ; note the negative loadings of the biophyllic elements imply that OM content is higher the more negative the score value).
The scores of Cp3 (Fig. 5) are characterised by positive values of some SR soils (GP37, 39, 40, 45 and 46; Fig. 1 ). The component is probably related to small, local differences in chemical composition (of Cu, Zn and Y) of the volcanic materials.
Recent investigations also used statistical methods to evaluate weathering processes, as e.g., von Eynatten et al. (2003) and Ohta and Arai (2007) applied principal component analysis with major elements data to model chemical weathering. In volcanic soils, Meijer and Buurman (2003) used the sample scores obtained by principal components as a weathering index in a soil catena from Turrialba volcano, and Martínez Cortizas et al. (2007) found a significant correlation between the first principal component scores, based on chemical data, and the CIA values in European volcanic soils (COST action 622).
Weathering and relationships with other volcanic soils
For the sake of comparison with published data of volcanic soils, the weathering indices values were normalized with respect to their value in the parent material. A value of 1 indicates a low weathering degree, while values lower or greater than 1 indicate increased intensity depending on the index (NCIA, NCIW and NPIA, and NWIP and NSTI respectively) . Compared to the results obtained for soils of volcanic regions of Europe studied in the framework of COST-622 action , soils from Isla Santa Cruz show a much higher degree of weathering than most of them. The intensity of weathering is only comparable to that of soils from Azores and Tenerife developed on basalts. Soils from CrM, SR and CMt with the largest degree of weathering show NCIA values close to those of laterites and bauxites (Fig. 6 ). It must be realized, however, that the indices used do not take into account the Si content, and therefore do not express the desilicification necessary to form bauxites. Taboada et al. (2007) defined three stages of weathering using normalized CIA values (NCIA): low (b1.5), intermediate (1.5-2.0) and high (N 2.0). NCIA values in the studied soils are in general greater than 2.0 (Fig. 6 ). Volcanic soils with low degree of weathering (NCIA values b1.5) are mainly located in dry areas with a xeric moisture regime (Di Figlia et al., 2007; Soubrand-Colin et al., 2007; Taboada et al., 2007) or in very cold regions (Evans and Chesworth, 1984; Rasmussen et al., 2010) . Taboada et al. (2007) found a good correlation between the normalized CIA index (NCIA) and the content of reactive Al estimated by oxalate acid extraction, for most of the soils of volcanic regions of Europe they analysed. This indicates that, as weathering progresses, there is an increase of reactive components characteristic of Andosols (Al-humus complexes, allophane and imogolite). The only exceptions were one soil from Azores Islands and two from Tenerife Island that have high weathering indices values (similar to those of soils of Isla Santa Cruz) but lower contents of reactive Al. These soils are richer in halloysite, gibbsite and crystalline Fe-oxyhydroxides (Tejedor and Jiménez, 2000; Monteiro et al., 2007) and NaOH extraction solubilised more Al and/or Si than the acid oxalate extraction . These soils probably represent a transition of Andosols with allophane and imogolite or Al-humus complexes to those with more crystalline phases as halloysite, gibbsite or 1:1-2:1 mixed layer clays and crystalline Fe-oxyhydroxides. Ndayiragije and Delvaux (2003) noted a similar mineral assemblage in a perudic Andisol and suggested a sequence whereby intense leaching and desilication favoured the formation of allophane, kaolinite and the interlayering of 2:1 minerals followed by formation of gibbsite. However gibbsite may be considered an end product of intense weathering and desilication in volcanic soils limited by high aqueous Si activity (Dahlgren and Ugolini, 1989) or an initial weathering product of plagioclase and inosilicates at microsites of low aqueous Si activity (Kawano and Tomita, 1996; Meijer and Buurman, 2003; Mulyanto and Stoops, 2003; Certini et al., 2006) or formed by localized desilication of short range order materials (Violante and Wilson, 1983) . Rasmussen et al. (2010) also remarked that the soils with high degree of weathering (CIA values near 100, NCIA values in Fig. 6 ) show a mineral assemblage dominated by kaolins and crystalline Fe-oxyhydroxides.
Volcanic soils and andic properties
In Isla Santa Cruz soils the high intensity of weathering may be responsible for the evolution of non-crystalline forms, which may have appeared in the early weathering stages, to thermodynamically stable minerals as kandites (halloysite and/or kaolinite), smectite, mixed layer smectite-kaolin, gibbsite and crystalline Fe oxyhydroxides (Shoji et al., 1993; Righi et al., 1999; Ndayiragije and Delvaux, 2003; Dahlgren et al., 2004) . In fact, Eswaran et al. (1973) found that the mineralogy of the clays of soils from the arid and transition zones is dominated by smectites and halloysite, while soils at higher elevations with higher degree of weathering contain allophane, halloysite and gibbsite.
Conclusions
Chemical indices and PCA on the elemental composition of the studied soils from Isla Santa Cruz (Galápagos, Ecuador) consistently indicate that the degree of weathering increases with altitude. Given that the composition of the geological materials of the island is quite homogeneous, despite differences in texture, the relationship between the degree of weathering and altitude mainly reflects the control exerted by local climatic conditions. This is particularly the case for precipitation, which is maximum in the windward slopes at altitudes between 400 and 800 m a.s.l. At the same time, the degree of weathering is also related to the bioclimatic zones: soils with the lowest degree of weathering, PAy, are located in the arid coastal zone; in the transition zone (ST), BV and OC soils located at 140-240 m a.s.l. show slightly higher values; soils from CMt, SR and CrM develop in the Scalesia zone (SZ) at altitudes between 240-400 m a.s.l.; while the soils from CMt, Sr and CrM with the largest degree of weathering appear in the brown zone, at elevations higher than 400 m a.s.l. The small differences within each of these groups may be related to pyroclastic material abundance, microtopography, age and soil use.
Compared to volcanic soils from Europe, soils from Isla Santa Cruz are in the upper range of weathering intensity, only comparable to those from Azores, Tenerife and La Gomera developed on basalts -the same weatherable parent material -, under oceanic conditions which promote intense chemical weathering. Some of the soils (CrM, SR and CMt) show a degree of weathering similar to that of laterites and bauxites, when Si is not taken into account.
In agreement with what was found in previous investigations, the intense weathering may be responsible for the evolution of the non-crystalline phases, which may have formed in the early stages of weathering, to more crystalline forms (halloysite, gibbsite, 2:1 phyllosilicate).
Supplementary data to this article can be found online at http://dx. doi.org/10.1016/j.geoderma.2015.07.019.
